The protein kinase v-akt murine thymoma viral oncogene homolog (AKT), a key regulator of cell survival and proliferation, is frequently hyperactivated in human cancers. Intramolecular pleckstrin homology (PH) domain-kinase domain (KD) interactions are important in maintaining AKT in an inactive state. AKT activation proceeds after a conformational change that dislodges the PH from the KD. To understand these autoinhibitory interactions, we generated mutations at the PH-KD interface and found that most of them lead to constitutive activation of AKT. Such mutations are likely another mechanism by which activation may occur in human cancers and other diseases. In support of this likelihood, we found somatic mutations in AKT1 at the PH-KD interface that have not been previously described in human cancers. Furthermore, we show that the AKT1 somatic mutants are constitutively active, leading to oncogenic signaling. Additionally, our studies show that the AKT1 mutants are not effectively inhibited by allosteric AKT inhibitors, consistent with the requirement for an intact PH-KD interface for allosteric inhibition. These results have important implications for therapeutic intervention in patients with AKT mutations at the PH-KD interface.
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interdomain | AKT-targeting | PI3K-pathway | next generation sequencing | BaF3 T he mammalian v-akt murine thymoma viral oncogene homolog (AKT) family consists of three members, AKT1/protein kinase B (PKB)a, AKT2/PKBβ, and AKT3/PKBγ (Fig. S1 ). They belong to the protein kinase A, kinase G, and kinase C (AGC) superfamily of serine/threonine kinases and are involved in regulating key cellular processes, including cell proliferation, survival, growth, metabolism, and angiogenesis (1) . The AKTs share a common domain architecture consisting of an N-terminal pleckstrin homology (PH) domain, a kinase domain (KD), and a C-terminal regulatory region that contains a hydrophobic motif (2, 3) .
AKT functions downstream of class IA PI3K (4). After growth factor stimulation, activated PI3Ks catalyze the conversion of phosphatidylinositol 4,5 bisphosphate to phosphatidylinositol 3,4,5 trisphosphate that directs translocation of AKT to the plasma membrane (5) . At the membrane, AKT1 undergoes phosphorylation on two regulatory sites: T308 within the catalytic domain and S473 in the hydrophobic motif through phosphoinositidedependent kinase 1 (PDK1) and PDK2 mammalian target of Rapamycin (mTORC2), respectively. This phosphorylation leads to its activation and downstream signaling (6) .
AKT is frequently activated in cancers, mostly through mutations or amplifications of upstream genes like PIK3CA (7). AKT activation can also result from inactivation or loss of the lipid phosphatase, PTEN (8) . Genomic alterations that directly affect AKT also lead to its activation. Whereas AKT1 amplification is rare, AKT2 is frequently amplified in a variety of cancers (9) . Recently, a somatic mutation in the PH domain of AKT1 was identified in a subset of human carcinomas (10) . This mutation results in the substitution of glutamic acid at codon 17 of AKT1 with lysine (E17K) and alters the lipid-binding specificity of AKT, leading to pathological membrane association and constitutive signaling (10, 11) . Other than human cancers, germ-line and somatic E17K mutations in AKT have been identified in Proteus syndrome, human hypoglycemia, and hemimegalencephaly (12) (13) (14) .
Recent molecular modeling and structure-based studies suggest that, under basal conditions, interactions between the PH and KD maintain AKT in a closed conformation (PH-in) (15) (16) (17) . In this state, PDK1 is unable to access and phosphorylate T308. In response to upstream signaling, AKT shifts from an autoinhibited PH-in confirmation to an open PH-out state, leading to its phosphorylation and activation. Molecular dynamic studies and crystal structure of AKT suggest that the interactions between the PH and KD are important for maintaining the kinase in an inactive state.
In this study, we have performed a systematic analysis to understand the effects of perturbing PH-KD interactions on activation of AKT. We show that disrupting interdomain contacts by mutating residues at the PH-KD interface leads to AKT activation. Given this finding, we sequenced a large number of human tumors to see if mutations at the PH-KD contact sites occur in cancers. Interestingly, we found human tumors that carry mutations in AKT at these sites, indicating that disruption of PH-KD interactions is a mechanism for AKT activation in cancers. Furthermore, we show that these tumor-specific mutations are oncogenic and that they alter sensitivity to allosteric AKT inhibitors.
Results
Perturbing PH-KD Contacts Lead to AKT Activation. To assess the activation status of AKT, we measured its ability to promote growth factor-independent survival of IL-3-dependent BaF3 cells. The BaF3 pro-B cells can be rendered growth factor-independent by enforced expression of oncogenes (18) . We generated BaF3 cells expressing WT AKT1, Myristoylated (Myr), or the E17K AKT1 mutant and found that activated AKT by itself was unable to promote factor independence (Fig. 1A) . However, coexpression of Myr or E17K AKT1 and an activated form of the MAP2 kinase mitogen-activated protein kinase (MAPK)/extracellular-signalregulated kinase (ERK) kinase (MEK1) (Mek1 ΔN3, S218E, S222D) (19) promoted factor-independent growth of BaF3 cells (Fig. 1A) . Although WT AKT1 along with active MEK1 (MEK1 Author contributions: C.P., B.J.B., and S.S. designed research; C.P., V.J., W.-I.W., C.K. N3) showed some activity in this assay, it was markedly less compared with mutant AKT1. This result is consistent with previous reports that show cooperation between AKT and MEK in oncogenic transformation (20, 21) .
We used the BaF3 assay to investigate the consequence of disrupting PH-KD interactions. Using the recently published full-length structure of AKT1 (17), we identified residues at the PH-KD interface. Mutations at these sites were designed to compromise the PH-KD interaction (Materials and Methods). We generated a library of 35 such AKT1 mutants (Fig. 1B and Dataset S1), including negative (WT AKT1) and positive (Myr and E17K AKT1) controls for activity. We used this library to derive a pool of BaF3 cells that stably coexpressed the mutants along with MEK1 N3. After allowing growth in the absence of IL-3 for 3-4 d, the proportion of various mutants in the pool was determined relative to the input at 0 h using next-generation sequencing (Fig. 1C) . Each mutation was scored based on a normalized ratio of observed frequency at a given time point compared with the input frequency, and these ratios were then normalized to the ratios for WT AKT1. As expected, AKT1 E17K was more than 50 times enriched over WT. Similarly, mutants, such as T81Y and D323A, were also strongly enriched (>15-fold over WT), indicating that these mutations lead to AKT activation. Other mutants (R23A, N53A, F55Y, L78T, Q79E, W80A, E191A, T195I, V270A, V271A, L321A, D325A, and R328A) showed moderate enrichment (two-to sixfold over WT) in the assay and are likely activating ( Fig. 1D and Dataset S1).
To further understand the effect of PH-KD interface mutants, we generated BaF3 cell lines expressing some of the AKT1 mutants that promoted survival and some that did not promote survival in our initial screen. We then assessed the T308 and S473 phosphorylation status (pT308 and pS473) of AKT in these lines. Consistent with the survival activity observed in the screen, we found that mutants, such as F55Y, T81Y, T195I, L321A, and D325A, showed elevated levels of pT308 and pS473 (Fig. 1E) , confirming the positive correlation between phosphorylated AKT (pAKT) status and cell survival (T308: R 2 = 0.71, P value = 8.735e-05; S473: R 2 = 0.66, P value = 0.0002158) (Fig. 1 F and G). However, R23A, although scored positive for survival in our initial screen, failed to show increased pAKT, indicating that it potentially was a false positive. Furthermore, AKT mutants Y18S, I19E, Q59E, R200A, L202F, and L362R, which did not support IL-3-independent survival, also did not show an increase in pAKT levels (Fig. 1E ). These results indicate that disrupting the PH-KD contacts leads to constitutive phosphorylation of AKT. In agreement with this result, a recent study showed that deletion of AKT1 PH domain led to its constitutive S473 phopshorylation (22) . breast, 48 nonsmall-cell lung (NSCLC) adenocarcinoma (adeno), 43 NSCLC (squamous), 43 renal carcinoma, 37 melanoma, 33 gastric, 32 ovarian, 15 esophageal, 11 hepatocellular, 10 small-cell lung cancer, and 6 others (5 lung large cell and 1 lung cancer other) (Dataset S2). We found protein-altering, somatic AKT1 mutations in 2 of 51 (4%) breast and 1 of 65 (1.5%) colon samples. We also found AKT2 somatic mutations in 2 of 43 (∼5%) NSCLC (adeno) samples ( Fig. 2A and Dataset S3). Previous studies have reported protein-altering mutations in AKT1, primarily in codon 17 (E17K) in ∼5% of breast cancers (10, 23) .
Mutations at other residues in AKT family members, although quite rare, have been reported ( Fig. 2A and Dataset S4) (24) (25) (26) (27) .
Other than the E17K mutation, we have previously reported an AKT1 mutation at codon 52, L52R ( Fig. 2A and Datasets S3 and S4) (28) . L52 is at the PH-KD interface and makes hydrophobic contacts with V270, V271, Y326, and the methylene portion of R328 in the KD (Fig. 1B) . Although the L52A mutant did not support IL-3-independent survival of BaF3 cells (Fig.  1D) , the L52R mutation is likely to weaken PH-KD interaction, because it is predicated to replace favorable hydrophobic interactions with an unfavorable interaction with R328 (Fig. 2B) . The synthetic mutant D323A was active in our screen (Fig. 1D) , suggesting that D323H will also be constitutively active, because a histidine is even more disruptive to the interdomain contacts than alanine. The R96 residue located in the main PH domain helix is far removed from the KD interface and hence, unlikely to promote activation through disruption of PH-KD interactions (Fig. 2B) . Electron density for residues K189 to E198 is not observed in the full-length AKT1 crystal structure (Fig. 2B) , and hence, a structurebased assessment of its effect on AKT1 activity could not be made.
To understand the biological significance of the somatic mutations identified in this study and a few published somatic AKT1 mutations, we tested their ability to support IL-3-independent growth of BaF3 cells coexpressing MEK1 N3. We found that L52R, Q79K, and D323H, like Myr and E17K AKT1, supported growth factor-independent survival of BaF3 cells (Fig. 2C) , and this support was dependent on their kinase activity (Fig. S2) . Consistently, mutants that promoted survival also showed elevated levels of pAKT (Fig. 2D ).
AKT1 Somatic Mutants Signal Constitutively and Lead to Transformation.
To further assess the functional relevance of the AKT1 somatic mutations, we tested their effect on signaling in NIH 3T3 cells expressing FLAG-tagged WT, Myr, E17K, L52R, K189N, or D323H AKT1. Immunoblot analysis showed that, similar to Myr AKT1, all mutants (except K189N) showed elevated pAKT levels compared with WT (Fig. 3A) . Consistent with this finding, we observed increased phosphorylation of the AKT substrates FOXO and S6 ribosomal protein (Fig. 3A) . Also, we observed elevation of phospho PRAS40 levels, although the activation was delayed in E17K and D323H mutant-expressing NIH 3T3 cells (Fig. 3A and Fig. S3 A and B) .
To further characterize the AKT1 mutants, we tested their transforming ability in an anchorage-independent growth assay. We found that NIH 3T3 cells expressing Myr or mutant AKT1 formed ∼20-fold more colonies compared with controls (Fig.  3B) . To further characterize these mutants, we used a 3D morphogenesis assay using MCF10A breast epithelial cells. MCF10A cells, when cultured on a 3D matrix, form polarized acini with a hollow lumen (29) . Expression of oncogenes (including Myr AKT1) in this system is known to disrupt acinar architecture (30) . We found that, like Myr AKT1, expression of E17K, L52R, K189N, D323H, or Q79K led to formation of disorganized multiacinar structures (Fig. 3C) , and it was dependent on the kinase activity of these mutants (Fig. 3C) . In contrast, the mutants F35L and R96W, consistent with their inability to promote survival (Fig. 2C) , did not affect morphogenesis (Fig. 3C) . Interestingly, although the K189N mutant did not support BaF3 survival or increase downstream signaling (Figs. 2 C and D and 3A and Fig. S3C ), it promoted anchorage-independent growth and acinar disruption (Fig. 3 B and C) . Consistent with this finding, MCF10A cells expressing the K189N mutant showed elevated pAKT and increased pS6RP levels compared with WT when cultured on a 3D matrix (Fig. 3D ).
AKT1 PH-KD Mutants Weaken Interdomain Interactions and Show
Impaired Plasma Membrane Translocation. Although the cancerspecific AKT1 mutations (L52R and D323H) occur at positions predicted to disrupt PH-KD interactions, the amino acid substitutions observed were different from the synthetic mutants generated and analyzed earlier (Fig. 1 B, D , and E). To directly test whether these somatic mutations weaken interdomain interactions, we performed a mammalian two-hybrid assay using AKT PH and KD constructs fused to the VP16 activation domain and Gal4 DNA-binding domain, respectively. The strength of the interaction was measured using a luciferase reporter, where the luciferase activity is proportional to the strength of the interaction. We found that the L52R PH/WT-KD, Q79K-PH/ WT-KD, and WT-PH/D323H-KD combinations showed significant reduction in the interaction signal compared with WT-PH/ WT-KD, confirming that these mutants are deficient in the PH-KD interaction (Fig. 3E) . In contrast, F35L-PH/WT-KD, R96W-PH/WT-KD, and WT-PH/K189N-KD combinations in the twohybrid assay showed interaction that was comparable with the WT-PH/WT-KD pair, indicating that these mutations do not affect PH-KD interactions. Interestingly, the E17K-PH/WT-KD combination also showed a reduced interaction compared with the WT-PH/WT-KD combination, suggesting that the E17K mutation may also weaken PH-KD interaction, although this effect was modest (Fig. 3E) .
To further understand the mechanism of activation of AKT mutants, we tested their cellular localization. in dysregulated membrane recruitment can lead to carcinogenesis (31) . To assess the effects of the PH domain mutant L52R on subcellular localization and membrane translocation, we generated GFP-tagged L52R PH domain along with GFP-tagged WT and E17K PH domains as controls. In the absence of stimulation, whereas WT AKT1 was distributed throughout the cytoplasm and nucleus, AKT1 E17K was constitutively localized to the plasma membrane as previously reported (10) . In contrast, the L52R PH domain was distributed throughout the cell, behaving like the WT PH domain. However, on growth factor stimulation, unlike WT, the mutant L52R PH domain did not translocate to the membrane ( Fig. 3F and Movies S1, S2, and S3). This result suggests that, unlike E17K, which is activated in response to altered lipid affinity and localization, the L52R mutant is most likely activated in the cytoplasm because of absence of autoinhibitory interactions. Consistent with this finding, a recent study has shown that activation of AKT can occur in the cytoplasm independent of membrane localization (32) .
Disruption of AKT2 and AKT3 PH-KD Interactions Leads to Their
Activation. Given the common domain architecture of the AKT family members, we tested whether disrupting PH-KD interactions in AKT2 and AKT3 can lead to their activation. To test, we generated AKT2 mutants L52R and D324H and AKT3 mutants L51R and D320H (equivalent of AKT1 L52R and D323H), all of which are predicted to disrupt PH-KD interactions (Fig. S4) . Because AKT3 E17K mutations in melanoma (33) and AKT2 E17K mutations in human hypoglycemina (12) have been reported, we generated the E17K AKT2 and AKT3 mutants along with additional AKT2 and AKT3 somatic mutations that have been identified in human cancers ( Fig. 2A) . Additionally, we generated Myr AKT2 and Myr AKT3 as positive controls. We stably expressed the AKT2 and AKT3 mutants in NIH 3T3 cells and assessed pAKT. AKT2 E17K, L52R, and D324H, and AKT3 E17K, L51R, and D320H all showed elevated pT308 and pS473 compared with WT AKT2 or AKT3 (Fig. S5A) . Consistent with the activation status, these mutants (combined with MEK1 N3) support IL-3-independent survival of BaF3 cells (Fig. S5B) . Interestingly, the cancer-specific AKT2 R371H mutant, although it showed elevated pAKT, was not capable of promoting growth factor-independent survival of BaF3. The remaining mutants (AKT2 V90L and R101L and AKT3 Q124L and G171R) did not increase pAKT and were unable to support growth factor-independent survival of BaF3 cells (Fig. S5) . Inspections of the homology models generated for full-length AKT2 and AKT3 indicate that these mutations occur in surface-exposed loops and are not proximal to the PH-KD interface (Fig. 2B) . Note that, although AKT2 V90L and AKT3 Q124L are in loops not defined in the AKT1 electron density, the termini of these loops are not proximal to the PH-KD interface. Thus, structural analysis does not offer insights into the role of these mutants in cancers.
AKT1 Somatic Mutants Promote Oncogenesis in Vivo. Previous studies have shown that BaF3 cells stably expressing oncogenes promote a leukemia-like disease when implanted in mice, leading to reduced overall survival (34, 35) . Because the AKT1 mutants cooperate with active MEK1 to promote factor-independent growth of BaF3 cells (Figs. 1A and 2C) , we used this model system to test their tumorigenic potential in vivo. Mice implanted with BaF3 cells coexpressing MEK1 N3 and Myr or mutant AKT1 (E17K, L52R or D323H) showed a median survival of 19-20.5 d. In contrast, mice implanted with cells coexpressing MEK1 N3 and AKT1 WT had a significantly longer median survival of 29 d (Fig. 4) . This result is consistent with the fact that AKT1 WT in the context of active MEK1 was able to support IL-3-independent survival of BaF3 cells, although the effect was modest compared with AKT mutants (Fig. 1A and 2C ). As expected, mice expressing MEK1 N3 alone (control) were alive at the end of the 55-d study period. Necropsies were performed at 19 d posttransplantation on a cohort of three mice per treatment group to follow disease progression. Consistent with the reduced overall survival, mice implanted with mutant AKT1 had a significant proportion of GFP-tagged BaF3 cells in the bone marrow and spleens ( Fig. S6A ) and had massively enlarged liver and spleen compared with controls ( Fig. S6 B-D) . Histological examination of H&E-stained liver, spleen, and bone marrow sections from these mice showed evidence of infiltration with leukemic blasts (Fig. S6E) . These results confirm the transforming potential of the AKT1 mutants in vivo.
AKT1 PH-KD Interaction-Deficient Mutants Are Less Sensitive to Allosteric Inhibitors. Several ATP-competitive and allosteric smallmolecule inhibitors of AKT are in development and/or clinical trials (36, 37) . Previous studies have shown that allosteric AKT inhibitors require an intact PH-KD interface for their activity (17, (38) (39) (40) . Given that some AKT1 somatic mutants have impaired PH-KD contacts, we predicted that allosteric inhibitors are likely to be less efficacious in inhibiting their activity. We tested this prediction by assaying the activity of two ATP-competitive inhibitors [GNE-692 (41) and GSK690693 (42)] and two allosteric inhibitors [Inhibitor VIII (43) and GNE-929 ( Fig. S7) ] on recombinant fulllength WT and mutant AKT1 enzymes. We also tested the effect of the inhibitors on the proliferation of NIH 3T3 cells expressing WT or mutant AKT1. We found that, in biochemical activity assays, the ATP-competitive inhibitors GNE-692 and GSK690693 were effective in blocking activity of WT AKT1 (GNE-692 IC 50 = 24.3 nM) as well as the mutant enzymes (E17K, L52R, and D323H; GNE-692 IC 50 = 3.7-15.8 nM) (Fig. S8A, Fig. S8E , and Dataset S5A). Similarly, the ATP-competitive inhibitors were equally effective against both WT and mutant AKT1 in the cell-based proliferation assay ( Fig. S8B and Dataset S5B). In contrast, the allosteric inhibitors, Inhibitor VIII and GNE-929, were less effective against recombinant full-length mutant enzymes (Inhibitor VIII: IC 50 = 268.4 nM for L52R; IC 50 > 1 μM for D323H) compared with WT AKT1 (Inhibitor VIII: IC 50 = 119.3 nM) (Fig. S8C, Fig. S8F , and Dataset S5A). Consistent with this finding, in cell-based assay, we found Inhibitor VIII to be at least 50% less effective at blocking proliferation of cells expressing mutant AKT1 compared with WT AKT (Fig. S8D and Dataset S5B).
To confirm that the reduced sensitivity of the mutants to allosteric inhibitors was caused by impaired PH-KD interactions, we performed an in vitro biochemical reconstitution assay using purified recombinant PH and KD. In this system, allosteric Inhibitor VIII, when assayed against AKT1 KD alone, was unable to block its activity (Fig. 5 A and B) . Reconstituting the enzyme by adding back WT PH domain restored the ability of Inhibitor VIII to block enzyme activity, albeit with a threefold higher IC 50 (IC 50 = 238.8 nM), compared with the full-length WT enzyme (IC 50 = 80.8 nM) (Fig. 5 A and B and Dataset S5C). In contrast, reconstitution with mutant PH domain (L52R or E17K) further impaired the ability of Inhibitor VIII in blocking AKT1 (L52R IC 50 = 713.5 nM and E17K IC 50 > 1 μM) (Fig. 5A and Dataset S5C). Similarly, Inhibitor VIII showed no activity when the WT PH domain was reconstituted with a mutant D323H KD (Fig. 5B) . The lack of E17K inhibition by allosteric inhibitors suggests that, in addition to increased affinity for phosphatidylinositol 4,5 bisphosphate (10, 11), this mutation may also affect the PH-KD interaction, leading to its activation. These data confirm the importance of an intact PH-KD interface for AKT1 allosteric inhibitors.
Discussion
Recent structural studies indicate that inhibitory interdomain interactions play a crucial role in regulating AKT activation (15, 17) . Using a mutational screen, we show here that activation of AKT can result from mutations in residues involved in PH-KD contacts. Furthermore, we report the identification of mutations in human cancers, some of which involve residues at the PH-KD interface.
In addition to the previously identified mutation E17K, we show that the AKT1 PH domain mutant L52R and the KD mutant D323H identified in clinical samples mediate cellular transformation and are oncogenic in vivo. Inspection of the structure of full-length AKT1 reveals that E17, L52, and D323 are at the PH-KD interface and that substitutions at these positions are predicted to perturb PH-KD binding. Consistent with this finding, both L52R and D323H weaken PH-KD binding in two-hybrid assays. Previously, the mechanism of activation of E17K has been attributed to an altered lipid-binding specificity (10, 11) . Our results indicate perturbation of interdomain interactions to be an additional mechanism underlying E17K activation.
Taken together, our findings suggest that the oncogenicity of the AKT1 PH-KD interface mutations identified here is caused by their constitutive activation resulting from destabilization of interdomain contacts. The activity of many multidomain proteins is regulated through autoinhibitory intramolecular interactions (44). It is likely that mutational destabilization of such interactions is a general mechanism leading to their inappropriate activation in human disease. In agreement with this likelihood, activating mutations in interdomain contact residues have been described in nonreceptor tyrosine kinases, like JAK2 (in polycythemia vera) and BCR-ABL, as well as phosphatases, such as SHP-2 in Noonan's syndrome and juvenile myelo-monocytic leukemia (45) (46) (47) (48) .
Inhibitors targeting the PI3K-AKT pathway members, including AKT, are currently in various stages of development (36, 37) . Previous studies have shown that AKT allosteric inhibitors require an intact PH-KD interface, because such inhibitors preferentially bind the closed PH-in conformation (16, 17, 38) . Consistent with this result, we found that mutations in AKT that favor an open (PH-out) conformation show reduced sensitivity to allosteric AKT inhibitors, although they retain sensitivity to ATP-competitive inhibitors. This finding indicates that the AKT mutational status has important implications for the choice of inhibitor in the clinic. AKT mutations, although they may function as drivers in naive tumors, can also arise in tumors in response to agents that target upstream components of the AKT pathway. Future studies will be required to assess such mutations and fully understand the predictive and prognostic significance of these mutations in the clinic.
Materials and Methods
Coding exons of AKT1, AKT2 and AKT3 were amplified and sequenced as described before (Dataset S6) (35) . Retroviral constructs expressing WT and mutant AKT were used to generate stable BaF3, MCF10A, and NIH 3T3 cell lines for studying signaling, transformation and modeling oncogenesis in vivo. Baculovirus expressed proteins were used in biochemical assays.
Additional details on the reagents and assays can be found in SI Materials and Methods.
